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Abstract

We consider ● single-pass FEL

A $ingle-Pass Free-Electron Laser

for Soft X-Rays with Wavelengths $ 10

Ooldstoin, T.F. Wang, B.E. Newnam, mnd
Los Alamos National Laboratory

LOS Alams, ~ 87645
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B.D. MCVOY

amplifier, driven by
● rf-lirmc followed- by” s dsmpi~ ring for reduc~
eaittsnce, for us. in generating intense coherent light
St wevolengths < 10 m. Tha dependence of the optical
gsinonolec~ron beam quality, studied with the3-DFEL
simulation code FELEX, i.

?
iven ●nd related to the ●x-

pectd power of self-~11 led spontaneous emission.
008 i gn issues for tho deaping ring to ●chieve the re-
quired ●lectron ka quality ere discussed.

Introduction

The free-electron Isaor sppearo to be M promising
source of intense, coherent, short-wavelength opticel
radiation. A substantial ~unt of theoretical work
hss been done on loser oscillators driven by ●ither
.Iectron storage rings [1], [2] or rf-linacs [3], [4]
in order to ~fina the ●lectron boom quality required
for generation of li~ht in the ●xtrm ultraviolet
~X#Vm 10 m - 100 m) ●nd the vscuumultrsviolet (VW:

-mm), These I*eer oscillators will oporate
in ●pectral “ where mirrors with ●ppreciable
(?60S) refl~t!fl~~n~roavailable [6~. For wavelengths
lass then ●bout 10 nm, it ●ppears t St no ●uch mirrors
sre ●vai lablo orid therefore one cannot conceive of
operating m kL osci I Istor.

An ●ltwrmtivo schema which involves no mirrors
has bean su~steQ [6], [7], [14]. In this schane,
.Iectrons ●re ~n’ected into one ●nd of ● very long wig-
Uler mm?net, k ●lectrons r.diete spontaneously and
that rsdlation io itenlf further a~lified by the same
electrons &e they propagate down the wiggler. This
procoss ia hrd ●alf-aaplifi~ sponteneoua emission
(SASE) . Useful nounto cf short-wavelength radiation
can be generatd if the electron beam quality ia high
enough.

Pravlaus ●tudios of khia generation method ~6]-~9]
hmvo treetd SASE ●nd FEL hi h-gain ompliflcatlon

7phawoens for ● zero caittence ● ectron beam, While

most meulte hevo kn *rived for ●n ●lectron beam
with no mnergy e rwdl come reeulta ore ●vailable for
recta uiar [IO! (l-O theory) or Lorents ian [0], [9]
(2-D %eory) onorgy ●preeda,

In the ~reeont work we ueko uae of analytical
reeulti ●nd maarlcsl 3-0 F& ~ein calculations to ●r-
rive ●t epprGxiwt. requlramente on ●lectron-baam
curr~b, emittenco, snd energy-opreed valuee needed k
obtain ua~ful ewunta of radiation vi. SASE in &he
wavolwgth region < 10 ~, Then, tho doaign of a damp-
ing rin to ●chiovethoao beam qualib; rquirsments is
discuaeo$, Ingenertil, ourconcluaion iathst it may
be very diffirult to daai n ●nalectron damping ring

?which achievea bhe been qual ty needed for tha ~ner-
●tion of -S m radiation via SAM usina conventional
mgnotic undulater technology,

‘Work perforad under W auapicos of, and aupportd
by tha Division of Advanced Ennrgy Projecto of tha

&$O.parsnt of EneruY Office of Basic Enargy

MASTL. .

Beam quality for SASE ●t 4-6 nm

We now discuss our procedures to detarmina tha re-
quired electron-kern quality. The th~~; IOS$ + ●n
●xpression for the power spectra dP/du I Ight

genersted (Eq. (7) of Ref. 7)

(1)

where Mm ia the frequency of msximua gain, AU = ~-~m~

S(x) = exp(-x2/M2), 7 = 8rgpN, ●nd OS ●nd gA ●re quan-

tities of order unity. The first term rapraaentsw~~

●mplification of ● coherent signal ●t frequancy w

initiai power •pectr~$ , ●nd the second term repre-
n

●ants the ●ffective noise ;ource for SASE (~ is the

initial ●nerey of ● single beam ●lectron). If thera ia
no coherant light prosant at the ●ntrance of the

I
~lifier, then $n s O and integration of (1) leads

to the following ●xpr~saion for the SASE power (peb = I

~llal)

gaer

‘SASE=ppeb~ ‘

where

(2)

(3)

Nero I ia the ●lectron currant, lo~ io themagnituda uf
alactron’acherge, c is the veloclty of light, A =
2fc/um ia the radiation wavelength, ●nd AA/A ia tha

fractional full width ate-~ of tha gain spectrm. Tha

gain ●r is ●xpreaaed in tarns of the nbwr of parioda
N of the conatent period wiggler, a n-rical constsnt

!, which ia i~ in l-all ●nd a characteristic dimen-
sionlem parameter p which can be written OJ

Nero AM io th~ wiggler wavelength, ●wm lelBwAw/(2wmc2)

is the dlmenaionlaaa veckor potential for pak wiggler
flold 8-, rmia the claasical radius of the electron,

and nm- Ib-tha ●lectron density of the born. O is ths

Beaael”function coupling con~tant for m plhne-polarizod

wigglar: a n Jo({) - Ji(f)with (= a~/ (4 + 2s~),

For a beam of ~k current I with a Ueuosimn trsnavarae

phase epace diatpibution and a ner-limd trsnavarae
mittsnce [3] Cn, bhe peak on-axis .Iactron danoity no
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can bw written ●s

nO = I BJ(cnm3) ,

wher- ● is tho moss of ●n .Iwctron, ●nd w.
● curvwd-polo-faco wiggler [11] with wquol
thw two transverse coordinatwo.

(5)

hsvo 8SSUmWd
focusing in

Tho ●xpwctwd behavior of this ●YS* is dominatod
by thomsgnitudo of p [6], 17]. W. rwquiroo m3k9;ur;
rent I ● 200 A ●nd s normoltzwd mittonce Cn = .

10-4
-3

~tr~d for p a bg in tho rmgw 5 - 10 x 10

(with typical wiggler paromotars). Sms Ilor P VSIUOS
would r~uiro Iongor wigglers in which random msgnetic
field ●rrorsmsy bwcon intolerably Isrgw [12] snd
&grad. thoompl ifior’s porformanco. TooIIou *E*
roach maturation ono nods [6], [7] ● wiggler of N -

?-l ~riods (~or ● P9rfwct o-km in l-D) ●lthough this
raquirmnt •l~ht bo roducod if ●n initisl input opti-
CSI signal wwro availsblo. Such ●n input signtil ●ight

bw gwnoratwd by harmonic mission from a simultsnoously
operating Iongor wwvolangth F~ oscillator.

OL, procwduro is to numerically colculsto the gain

gAe~ ●nd froctionsl Iinowidth (dA/A) = 2i~u for ●

omoll-oaplitudo inititl cohoront opticsl field using
tho 3-D FEL simulation cod. FELEX [13 . Wothon s~sumo
tha~ OS = gA ●nd us. Eqa. (2) ●nd (3 1 to obtain tho

S&% powor. FELEX aodwls the ~ittsnco snd ●norgy
sprood of tho e-km by propagating in 3-D ● Iargo num-
bar of simulation ●loctrons whoso initial positions and
volocitios ●ro choson u statistically samplo tho
beam’o initial phoso spaco volumw. F~~ includes tho
.Iwctron bwtatron motion and optical rofrsction snd
diffraction, cnd s sorios of calculations for difforont
wsvolon@hs is nwwdwd to ~btain tho gain spectrum

In previous -rk on tho pro rtios of an rf-linac-

r

drivm XUV oscillator [3], [4 w focusod upon ●

curved-polo-foco wiggler [11 with tho following
parmotwrs: wsvolongth Aw = 1,6 cm, pwsk on-axio msg-

notic field Bw = .75 T, dimansionlost vector potontisl

aw m 1,12 ●nd couplinq conatont C ● 0,89S. Monco, wa

tirat considar gmora’.:ng radiation ●t4 nmuaing this
wimlor ●nd ●n .Ioctron ham with I m 200 A, 7 s 180.

(921,84 MaV), ●nd en= 3.9* m 10-4cm_rad. Witha wig-

glar Iongth of N m lWO, W. could not obtain any uaoful
rsdi~tion output ct 4 tm. Nowovor, ●xtinding the
ion th to 1600 poriodo yialdod tho roaults ●hewn in

7Tsb ● I in which tho pwrforuonco iscalculatod ●sa

function of tho full width ●t ●-l of tho (Qsusaian)
omrgy sprood A7/7,

W. thwn rwducwd thw ●loctron ●norgy to 760 W,
still robaining %h. oamo Cn ●nd 1, Tablo II ohowa tho

cslculatwd BASE roaulto for two wiggler Iongtha: 1000
pariods ●nd 1600 porioda,

For thw throw ●ata of dots pwoontwd in Toblos I
ond II, W ring design would bo ●tralnod to achiova
tho Iargoat quobod onwrgy

Y
roods, If W. ●olvotho FEL

rosononco condikian for w kwoping SW _ ,75 T, A ● 6

m, and’fml~, wWfindthOt Awml.966co (axml,3g

●n~3 O ● ,.6S). This incroaoaa *ho valuo of p to 7,4 x

, ●dwwobtain tho rowults shown in Tmbla 111,
% ●am@ en ●nd I ●o boforo wwro uawd and A7/7 waa

wsriod.

lAMF I

SASE at4 m for N= 1500 snd p= S.684 x 10-4

M F’oak Cain
PSASE (watts)

o 2.4 X 105 2.05 X 106
6 X 10-4 7,2 X 104 6.26 X 105
1 x 10-3 5.3 x 103 6 x 10’

2 x 10-3 79 102

.

TABLE II

SASE ●t6 nm for p .6,99 x 10-4

m Peak Cain p$~E (watta)

a) N = 1000 porioda (Lw = 1600 cm)

o 2.12 x 104 1.72x 105

6.s X 10-4 7.26 X 103 6.07 X 104

1.3 x 10-3 7.75 x 102 6,27x 103

b) N a 1600 P.riods (Lw . 24OO cm)

o 6.7U X 106 4.0 k 107
6.6 X 10-4 1.12 M 106 6.7 X 106

1,3 x 10-3 2,63 X 104 1.s7 x 105

TAFiLE III

SASEat6nmforpm 7.4x

MZ .—,Peak Cain

S) ~ M 1000 poriodn (Lw m 1986,08 cm)

o 4.64 X 104

0.6 X 10-4 8,45 x lo~

1,7 x 10-3 3.76 X 102

b) Nm16@porioda (Lw=2979.12 cm)

o 2,42 X 107

0!s x 10”4 1!34 x 106

157 x 10-3 7,39 x lor

10-4

PSASE (watts)
—.

4.28 X 105

7.47 x 104

9,32x 103

1.76 x 108

1,21 x 10’

U465X 104

Thoeo reaulta show thot ‘J#u! power I.vals (-SO .
160 kV) can boobtalnwd with ● 1300-psriod wiggler Gnd

sn ●l~tron boom of 2W A pwsk current, S,9R x 10-4
cm.red normsliwd -/t*~nco, and a ~roctio~ml

[1
u road b7/ equal ~, or slightly Iarpwr, than”~t~~~
b- valuoo ?, Thoaa conditiori~, ~ncludin~ tho lon~
wigglar, appear to bo uory difficult to achlavo,

Multipasa ooft M-rOy,.&lifiar

Our initial motivation for ● gindlo-pa~s, hi h-

?gain SAW ~lifior instead of ● l*aor Oscillator or
wmvalanotha ! 10 M whs DPomptod not only by th. lack
of ●irroro with rotro-rofiwctanco ? S0S (160$ rdir~c-
tion of tho boom), hut alao by tha difficulty in



preduc~ng ●n e 1ectron bwam with both low emittenco and
sufficiently high repetition raw. Tho uso O=
●iectron demping ring h reduce the norm,slized remit-
tSfVCO of high current beeme produced by ●n rf Iinac

from -25w x 10-4 ~orad ~ < 1~ ~ 10-4 cmorad is

Iimitod h pulse repetition rstes of -]00 Hz by the
demping time of tho ring. Even with ●dmqumto ●irrors,
this ratieould rmquiroan unrmslistictlly long spacing
bmtmmen rmeonator ●irrors. However, thoro is ●n intwr-
mediato mod. of opmration whoroin the damping ring
could produca bursts of two or throw ●lectron buncfvos
●t ● tima for us. in s ●ultiplo-psss amplifier (MPA).
The sttractivofmsturos of such ●n WA would be higher
output pmmer snd/or raduced undulator Iongth to schiavo
the daeirad groin.

T’ho basic rmquiraent for tho aramonator~ ●irrors
for ● succaasful WA would be thst they return to the
umdulstor mntrmco ● Isrge ●nough frsction of tho
rsdistion fr~ tho first ●lectron bunch to obtein ●

subatential i ncrmeme in output power fr~ tho second
●nd, possibly, third ●lsctron bunchas. Even with uir-
rsrs with rotroroflectanco ss low ss 10%, tho NPA would
genarstm large incrsesos in power ovor tha single-pass
device. For ● large frsction of the spactrel rsngo
from 1 to 10 M, thero sppmsr to ba s faw ●irror con-

figurations that eouldprovido this roflectsnco [1S].
An ●x~lo is s carbon mirror in ● multifscoted con-
figuration propoaodby Nownsm[5]. The output coupling
of the rsdistion would be by s holo in on. ●irror or
●ltarnetivaly by use of ● Iow-officioncy SrstinS. The
di.ter of tho hot. couplor would badosignod so that
the frtction of rsdiation trsnemittmd would bo very
-11 until stimulst+d aission csused tho substantial
mpmtial narroming of thcbaem.

DaWing ring design issues

The function of tho damping ring is w reduco the
a;ttanco ●nd ●nergy spread of tho besm without raduc-
ing the peek current. Two mejor limitations must b.
ovorcome in ordor to obtein a low ~ittonco, low ●fiorgy
●premd boom with tho Isrge peak current rmquirod for
SASE st4-6nm: tho microwavo instability nnd in-

trsksm sc*ttoring.

We hsvo wmined s Imrgw rsn~ of possiblo dmmpine
ring deei?ns with tho c~uter cod. SYNCH [16]. All of
thoso dmmtgns havo the property thst, to achiovo s very
small mttancw, they S1S0 need small VOiUOS Of tho
mementum c sction f-ctor 00 The Kwil-Schnoll

~?critirion 17 shows thst the threshold current for tho
●lcrowav- nstebility is proportional to tho megnitudo
of a. ~r:ff:bona needs ● lorge valueof a in ordar

k currontm, ●a roquirad by tho
%rxsicm, rin to ring, Hanco, tho rquirmnts of
mll aittsncoa@ Imrgm current sro difficult to
●chl.vo ●imultervmously.

9s how ●lao usad th. cquter cod. ZAP p18 to
*vmlwta tho ●ffects of intrdveem scmbtering or psr-
aiculcr ring doaions. We find that tho growth rate for
intrmkm ecottoring is proportional to tho luminosity
of W bream, ●nd very lar~ growth rmtoa rcault for
beeu of $ha rest l~inosity noodod for soft x-rsy

!SASE. fhepossl Iosolu$ionof this difficulty la to

%%,~orr~~;go%~ ti- and so rodua th- t~”On. cmn reduce the dmmplng
slw by incroeai

‘?
Sha a&nt of oynchrotron radiation

prmtmd por rwo utlon, Unfortunstal , thim ●ISO in-
ersasos Stvm final energy spromd of kho Lam,
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